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ABSTRACT 1 
1. Many species of fish depend on estuaries to complete their development. 2 
Most of them have a planktonic early life-stage, and adults of the same 3 
species often live in a different habitat.  4 
2. The aim was to assess the importance of incorporating data on fish eggs and 5 
larvae in systematic conservation planning at the Patos Lagoon estuary, 6 
Brazil.  7 
3. Different scenarios, where fish larvae and eggs were or were not included in 8 
the systematic conservation planning process, were investigated.   9 
4. An estimate of artisanal fishing revenue was used as an opportunity cost and 10 
compared with a spatially homogeneous cost. Cluster analysis was 11 
performed to assess the impact of incorporating ichthyoplankton data on the 12 
outcomes of estuarine systematic conservation planning.  13 
5. Regardless of the opportunity cost, the spatial plans fell into two clusters - 14 
those with and without fish egg and larvae data. This shows that egg and 15 
larvae data have a large impact on priorities for conservation actions in 16 
space.  17 
6. This approach is the first to combine artisanal fishery economic spatial data 18 
with a conservation plan that incorporates early life stages of fishes.  19 
7. In the case of the Patos Lagoon estuary, shallow areas were particularly 20 
important for reaching conservation targets in all scenarios. Considering the 21 
dynamic nature of these ecosystems, much work needs to be done to devise 22 
better methods of spatial planning in estuaries. 23 
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 3 
INTRODUCTION 4 
Systematic conservation planning addresses the optimal allocation of 5 
spatially explicit conservation actions aiming to promote the persistence of 6 
biodiversity (Moilanen et al., 2009; Wilson et al., 2009a; Watson et al., 2011). 7 
The main aim of this approach, which traditionally has been used for the design 8 
of protected areas in the marine and terrestrial realm, is to achieve biodiversity 9 
objectives while minimising economic costs (Smith et al., 2006; Watson et al., 10 
2011). Few studies have used the systematic conservation planning approach to 11 
identify priority areas for conservation in estuaries, and most of them are based 12 
on benthic macroinvertebrates and habitat types, which are assumed to be 13 
surrogates for all biodiversity (Neely and Zajac 2008; Geselbracht et al. 2009; 14 
Shokri and Gladstone 2009, 2013a,b; Shokri et al. 2009).  15 
The costs of taking conservation actions in different places are not 16 
spatially homogeneous, and there are many types of costs related to conservation 17 
actions (Wilson et al., 2009b). Among them, opportunity cost represents the lost 18 
benefit when an action precludes a profitable activity that could otherwise occur 19 
there; e.g. when a specific site that is used for fishing or navigation is chosen as 20 
a no-take marine reserve (Wilson et al., 2009b). The application of opportunity 21 
costs in the planning analysis has already been tested in many studies, showing 22 
that the incorporation of this information can help to achieve more cost-effective 23 
outcomes than when costs are neglected (Naidoo et al., 2006; Klein et al., 24 
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2008a,b; Carwardine et al., 2008; Ban and Klein 2009; Mazor et al., 2014). In 1 
the marine environment, most planning studies have used fisheries information 2 
to integrate opportunity cost into the analysis (Ban and Klein, 2009). Among the 3 
studies that have applied the conservation planning approach in estuaries, only 4 
Geselbracht et al. (2009) included opportunity cost in the planning analysis by 5 
developing a spatial index of socio-economic factors as opportunity costs. The 6 
lack of studies using opportunity cost in estuarine conservation planning exposes 7 
a gap in the understanding of the analysis, mainly on the effect of this 8 
information on the spatial prioritization analysis in a highly competitive 9 
ecosystem such as estuaries.  10 
 Estuaries are among the most dynamic and productive ecosystems in 11 
coastal areas, acting as a nursery ground for a wide variety of species. In 12 
addition to nursery, breeding and refuge functions, estuaries are also important 13 
for ecosystem regulatory functions, disturbance prevention, sediment retention 14 
and nutrient regulation (Barbier et al., 2011). Unfortunately, estuarine and 15 
coastal areas are among the most heavily impacted natural ecosystems, and 16 
cumulative impacts from human activities can directly affect the benefits 17 
provided by these ecosystems (McLusky and Elliott, 2006). Several fishes, 18 
mainly marine species, depend on estuaries to complete their development 19 
(Elliott and Hemingway, 2002; McLusky and Elliott, 2006). Most of these 20 
species have a planktonic early life stage, which means that adults of the same 21 
species sometimes live in different habitats and rely on the dynamic nature of 22 
estuaries to complete their life cycle.  23 
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 The distribution of fish eggs and larvae in an estuary depends on both 1 
biological processes (e.g. mortality, spawning and behaviour) (Boehlert and 2 
Mundy, 1988; Schultz et al., 2003), and abiotic factors (e.g. salinity and 3 
circulation) (Govoni, 2005; Babler, 2000). These processes interact 4 
synergistically, influencing the occurrence and distribution of ichthyoplankton in 5 
estuaries. These early stages are unable to move against currents, being 6 
passively transported in the ocean-estuary interface, and they are retained in 7 
specific sites in the estuary by physical processes (Boehlert and Mundy, 1988; 8 
Martins et al., 2007). In addition to fish eggs and larvae, the early life history of 9 
fishes that use estuaries includes settled juvenile fishes. This late life stage is 10 
already capable of directional swimming. Ontogenetic habitat changes during 11 
development results from variation in habitat requirements and can structure the 12 
spatial distribution of each developmental stage throughout the life cycle (Le 13 
Pape et al., 2014). Most estuarine-dependent species complete their 14 
development in estuaries and migrate to the ocean as an adult to spawn. Despite 15 
the relationship between the survival of fish eggs and larvae and recruitment 16 
success (Govoni, 2005; Houde, 2008), no other study has used information 17 
about fish eggs and larvae in a systematic conservation plan. 18 
The present study incorporates data on the early life stages of fish (eggs 19 
and larvae) into a decision support tool to assess the impact of adding these data 20 
into estuarine systematic conservation planning. The open question is, will the 21 
inclusion of some of the early life history stages of fishes that use estuaries 22 
affect the outcomes of conservation planning, and how is this affected by the 23 
incorporation of opportunity costs? While fish eggs and larvae are not directly 24 
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impacted by fishing, they are affected by other anthropogenic activities such as 1 
habitat destruction and pollution (Allison et al., 1998). These factors are of great 2 
importance when identifying and designing protected areas, especially marine 3 
protected areas created where the main objective is to sustain marine fish 4 
populations and fisheries (Warner et al., 2000). In cases where recruitment is 5 
driven by the retention of eggs and larvae, conservation of retention areas is as 6 
important as conservation of adult habitat (Warner et al., 2000). In order to 7 
answer the main question of the study, we used a large dataset including 8 
physical features (e.g., bathymetry, sediment type, and habitat) of the estuary 9 
and the spatial-temporal distribution of six important fisheries species.   10 
 11 
METHODS 12 
Study Area 13 
Patos Lagoon (Figure 1) is a warm subtropical, river-dominated choked 14 
lagoon located in southern Brazil (32°S, 52°W - Brazil) with a large estuary that 15 
is important to several commercial species. This ecosystem is characterized by 16 
its ecological (high biological productivity and biodiversity) and socio-economic 17 
importance (ports, industries, agriculture, aquaculture, and fisheries) (Odebrecht 18 
et al., 2010). Ichthyoplankton studies in this estuary were conducted to 19 
investigate the distribution and ecology of species and the influence of 20 
environmental variables on species distribution and abundance (Muelbert et al., 21 
2010). In this system, the retention and survival of early stages of fishes are 22 
strongly dependent on water exchange and prevailing winds (Muelbert and 23 
Weiss, 1991; Sinque and Muelbert, 1997; Martins et al., 2007; Odebrecht et al., 24 
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2010). Furthermore, the occurrence and distribution of fish eggs and larvae are 1 
strongly affected by seasonal variation in salinity and temperature (Muelbert et 2 
al., 2010). This is the case with many other estuaries around the world 3 
(Berasategui et al., 2004; Faria et al., 2006; Ramos et al., 2006; Simionato et al., 4 
2008; Primo et al., 2011). The Patos Lagoon estuary was chosen as a case study 5 
for estuarine spatial conservation prioritization because of the breadth of existing 6 
information and its ecological and economic importance.  7 
The majority of the lagoon is freshwater (80%), but brackish water 8 
creates an estuarine system of approximately 1000 km² in the southern reach. 9 
The deep (15 m) and narrow (800 m) inlet of this system acts as a filter 10 
attenuating the advance of tidal waves into the estuarine region (Seeliger, 2001; 11 
Odebrecht et al., 2010). Wind and freshwater discharge are the main forces 12 
controlling water exchange with the open ocean. Hence, the geographic limits of 13 
this estuarine ecosystem are conditioned by climatic factors (Odebrecht et al., 14 
2010). The estuarine region of Patos Lagoon (Figure 1) is predominantly 15 
shallow (< 1.5 m), although it also has some intermediate waters (1.5 – 5.0 m) 16 
and deep waters (> 5.0 m). The estuary is composed of different benthic habitats 17 
including unvegetated subtidal flats (300 km²), seagrass beds (120 km²), 18 
marginal salt marshes (40 km²) and artificial hard substrates (~ 5 km-long rocky 19 
jetties) (Seeliger, 2001). A wide variety of marine fishes and invertebrates 20 
depend on these habitats to complete their development and successfully recruit 21 
to the adult population (Seeliger, 2001; Odebrecht et al., 2010). 22 
 23 
 24 
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Conservation features data 1 
The Patos Lagoon estuary was divided into 2,355 hexagonal planning 2 
units with sides of 0.5 km using QuantumGIS software (QGIS Development 3 
Team, 2013). Distribution data of 64 features were selected as surrogates for 4 
biodiversity and included bathymetry, sediment, habitat, and ichthyoplankton 5 
(Table 1). Ichthyoplankton data comprise seasonal distribution information over 6 
three years for six fish species (Achirus garmani, Brevoortia pectinata, 7 
Licengraulis grossidens, Micropogonias furnieri, Parapimelodus valenciennes 8 
and Thrichiurus lepturus). These species have the most abundant fish eggs and 9 
larvae in the Patos Lagoon estuary (Muelbert and Weiss, 1991; Muelbert et al., 10 
2010) and were chosen to represent the estuarine use ecological guilds: marine 11 
(T. lepturus), estuarine dependent (B. pectinata, M. furnieri), true estuarine (A. 12 
garmani), marine/estuarine resident (L. grossidens), and freshwater species (P. 13 
valenciennes) (McLusky and Elliott, 2006; Mai et al., 2014). Because changes in 14 
the abundance and occurrence of ichthyoplankton at the Patos Lagoon estuary 15 
are determined by fluctuations in salinity (Muelbert and Weiss, 1991; Muelbert 16 
et al., 2010), it was assumed that the period of interest is a typical period for fish 17 
eggs and larvae recruitment. Seasonal distribution maps applied in the 18 
conservation planning were built using the MAXENT software (Phillips and 19 
Dudík, 2008) and were based on records of presences of eggs and larvae of each 20 
species. The environmental variables used in the distribution modelling were: 21 
temperature, salinity, bathymetry, sediment type and aquatic vegetation. We 22 
used 25% of the species occurrence data for testing and 75% for training the 23 
models. Models were cross-validated and ran with 5,000 iterations and 10,000 24 
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background points. Predictive performance of the species distribution models 1 
was analysed according to the Area Under the Curve (AUC), where values 2 
closer to 0.5 indicate that model performance is no better than random, and 3 
values closer to 1 indicate a better performance (Swets, 1988). Only models with 4 
AUC values higher than 0.75 were used in the conservation planning. We used 5 
the logistic threshold output, and a 10 percentile training presence logistic 6 
threshold was used to build the seasonal distribution maps. Habitat data were 7 
determined from the percentage cover of submerged aquatic vegetation of two 8 
seagrasses species (Ruppia maritima and Zannichelia palustris) and macroalgae 9 
and the meadow height during summer and autumn (B. Gianasi; Table 1). 10 
Bathymetry was divided into three classes following a previous study (Plano 11 
Ambiental de Rio Grande, 2007): shallow (< 1 m), intermediate (1 – 5 m) and 12 
deep (channels, > 5 m) waters; sediment follows the classification proposed by 13 
Calliari et al. (1980) based on sand-silt-clay content in 10 classes: silt, silty 14 
sandy, silty clay, sandy silty, mixed sandy+silt+clay, clay silty, sand, sandy clay, 15 
clay sandy, and clay. Physical features of the Pathos Lagoon estuary were 16 
chosen as surrogates for biodiversity according to their availability and 17 
relevance to estuarine diversity. Many species prefer particular water depths 18 
(e.g. species that prefer shallow water and those associated with deep channels) 19 
(Costa et al., 2014). The sediment type can be a good surrogate for benthic fauna 20 
and other species associated with the estuarine bottom (Elliot and Hemingway, 21 
2002), and submerged aquatic vegetation is an important estuarine habitat, 22 
which many species rely on to complete their development (e.g., meadow height 23 
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can be an indicative measure of complexity of this habitat: the higher the 1 
meadow the more developed and complex it is) (Gillanders, 2006).   2 
 3 
Opportunity cost 4 
In this study, fishing revenue was chosen as the opportunity cost of 5 
closing a planning unit to fishing because artisanal fishery is one of most 6 
important economic activities in the Patos Lagoon estuary, and it occurs 7 
throughout the estuary (Schafer and Reis, 2008). This cost was added to a flat 8 
cost of 1 for all planning units. The flat cost ensures that planning units with no 9 
fishing effort are not simply added to the reserve system if they have no 10 
conservation benefit. The fishing revenue was calculated using the equation for 11 
commercial fishing proposed by Mazor et al. (2013). To estimate the annual 12 
catch of artisanal fisheries (Ci) in each planning unit, the catch was assumed to 13 
be proportional to the estuarine depth (Depth) and to the distance of the nearest 14 
landing site (d) weighted exponentially by a constant decay rate α and then 15 
multiplied by the area (Area) of the planning unit (i). In essence, it was assumed 16 
that artisanal fishermen tend to concentrate in shallow waters near their villages 17 
(Freitas and Tagliani, 2009). Four different values for α were used (0.0001, 18 
0.001, 0.005 and 0.01) to reflect uncertainty in how far fishers travel to fish. The 19 
depth was classified as cited above. The catch was normalized by a measure of 20 
total effort (Reffort) which is equal to: 21 
𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  ∑𝑖𝑖=1𝑚𝑚  𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑒𝑒−𝛼𝛼𝛼𝛼 x 𝐴𝐴𝑒𝑒𝑒𝑒𝑟𝑟, 22 
where m is the number of planning units in the estuarine area of Patos Lagoon. 23 
Then, the final value was multiplied by the total biomass of fish captured 24 
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(Rbiomass, ton) in the Patos Lagoon estuary during 2011 (IBAMA/CEPERG, 1 
2012) multiplied by the average price (Cost, $US per ton, IBAMA/CEPERG, 2 
2012) of three main target species (whitemouth croaker Micropogonias furnieri, 3 
shrimp Farfantepenaeus paulensis, and mullets Mugil spp.) for artisanal fishery 4 
in the Patos Lagoon estuary (which was $US 1,000 per ton) which comprises 5 
88.5% of landings in the region (IBAMA/CEPERG, 2012). The final equation 6 
used to calculate the opportunity cost for artisanal fishing in each planning unit 7 
at the Patos Lagoon estuary is as follows:  8 
𝐶𝐶𝑖𝑖 = �𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒−𝛼𝛼𝛼𝛼𝐴𝐴𝑒𝑒𝑒𝑒𝑟𝑟𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �  x 𝑅𝑅𝑏𝑏𝑖𝑖𝑒𝑒𝑚𝑚𝑟𝑟𝑎𝑎𝑎𝑎 x 𝐶𝐶𝑒𝑒𝑎𝑎𝑒𝑒  9 
 The four different opportunity cost layers for artisanal fisheries, each 10 
with a different emphasis on the value of nearby fishing grounds, in the Patos 11 
Lagoon estuary are given in Figure 2. 12 
 13 
Conservation problems and scenarios 14 
 Two conservation issues were analysed. First, it was assumed that all 15 
planning units were available for inclusion in the reserve system. Second, 16 
planning units open for navigation, based on the “Framework for Water 17 
Classification” (Class 3) from the Brazilian National Council of the 18 
Environment (CONAMA, 2005), were locked out and not available for inclusion 19 
in the reserve system. In this case, navigation areas include the area adjacent to 20 
the port. This framework classifies marine, freshwater and brackish waters based 21 
on their usage and divides brackish water into four classes: Special Class (for 22 
which the primary purpose is the preservation of aquatic environments and the 23 
maintenance of aquatic communities), Class 1 (waters that can be used for 24 
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recreational activities, aquaculture, fishing, human consumption after 1 
conventional or advanced treatment and irrigation, and the protection of aquatic 2 
communities); Class 2 (waters that can be used by fisheries and for recreational 3 
activities); and Class 3 (waters allocated for navigation). Additionally, two 4 
conservation targets were set for each issue: first, to protect 30% of each 5 
conservation feature and second, to protect 50% of each habitat. Despite the 6 
general use of a 10% target (CBD, 2014) for the protection of marine and coastal 7 
environments, the present study followed a precautionary approach and tested 8 
higher targets for the features. Different scenarios were run based on costs 9 
(opportunity cost and flat cost) and ichthyoplankton data for each combination 10 
of conservation issue and target. First, all scenarios were run by including 11 
ichthyoplankton data in the analysis. Then, all scenarios were re-run by 12 
excluding these data to assess the importance of incorporating the data from 13 
different life stages. A complete hierarchical cluster analysis was performed in R 14 
version 2.15.0 (R Development Core Team, 2013), using the hclust function 15 
(stats package), to compare the resemblance within solutions from different 16 
scenarios (Linke et al., 2011; Harris et al., 2014). A Jaccard resemblance matrix 17 
constructed by the vegdist function (vegan package; Oksanen et al. 2015) was 18 
used in this hierarchical cluster analysis. This resemblance method was chosen 19 
because it is constructed for binary data (e.g. presence or absence), which is the 20 
format of Marxan solutions (Harris et al., 2014). Also, a non-metric multi-21 
dimensional scaling (nMDS) was performed to better visualize the solutions for 22 
each scenario. This analysis was based on the Jaccard resemblance matrix using 23 
the metaMDS function from the vegan package (Oksanen et al. 2015).  24 
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Systematic conservation planning analysis 1 
  Marxan, a decision support tool, was used to assess the importance of 2 
incorporating different life stages of fishes into estuarine spatial planning. This 3 
tool uses a simulated annealing algorithm to find alternative solutions for 4 
conservation planning problem that meets conservation targets at a low socio-5 
economic cost (Ball et al., 2009). Marxan was run 100 times each with 6 
1,000,000 iterations. Input parameters were set after calibration, a “boundary 7 
length modifier” (BLM) of 10 was adopted to provide reasonable clumping 8 
(McDonnell et al., 2002), and the “species penalty factor” was set by increasing 9 
the value until all targets were met. These input parameters were constant for all 10 
scenarios to enable fair comparison. As each run of Marxan produces a different 11 
solution, the selection frequency output, which comprises the number of times 12 
that a planning unit was selected across all 100 runs, was chosen to represent the 13 
conservation priority of a planning unit in each scenario (Ardron et al., 2008). 14 
 15 
RESULTS 16 
Exploratory analysis of spatial prioritization solutions 17 
 Incorporating fish egg and larvae information into spatial conservation 18 
planning has a major effect on spatial priorities. The results of the cluster 19 
analysis based on the Marxan solutions showed that most scenarios that used 20 
artisanal fishery as an opportunity cost in the Patos Lagoon estuary formed two 21 
main groups, splitting the solutions between scenarios that included or excluded 22 
ichthyoplankton data, showing that the inclusion of this information produces 23 
distinct spatial priorities for conservation. Dissimilarity among groups varied 24 
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within scenarios tested, but in all cases the main split divides solutions that 1 
included or excluded ichthyoplankton data. Using a fishing cost decay rate of 2 
0.0001, regardless of the conservation target (30% or 50%) and whether 3 
planning units are locked out of the reserve system, the priorities form two 4 
clusters driven by whether or not fish egg and larvae data are used (Figures 3 5 
and 4).Usually, dissimilarity among groups ranged among 20% to 60%. 6 
Considering the planning scenarios tested, solutions including ichthyoplankton 7 
were most dissimilar to solutions excluding ichthyoplankton when considering 8 
conservation target as 50% and planning units open for navigation not available 9 
for inclusion in the reserve system (Figure 4C and 4D). Cluster analysis results 10 
from different cost layers are presented in Figures S1, S2 and S3 under 11 
Supporting Information. In general, it was observed that regardless of the 12 
opportunity cost used, the priorities are substantially affected by the inclusion of 13 
data on fish eggs and larvae.  14 
One exception to this general pattern was found when there is a 15 
conservation target of 50% for every habitat, and all planning units are available 16 
for inclusion in the reserve system (Figure S2C). It was found that some 17 
solutions from this scenario with ichthyoplankton data were grouped with 18 
solutions from scenarios without these data. However, when a flat cost was 19 
considered instead of an opportunity cost for artisanal fishery, this split 20 
patterning disappears, showing that in this case, including fish eggs and larvae 21 
data might not be important (Figure 5 and 6).  22 
When analysing average cost and the percentage of the target met in each 23 
planning design, scenarios considering all planning units available for inclusion 24 
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in the reserve system were cheaper than those excluding planning units used for 1 
navigation from the reserve system (Table 2). Additionally, regardless of cost 2 
and conservation target, scenarios where all planning units are available for 3 
inclusion in the reserve system exhibited a lower total cost and a higher 4 
percentage of targets met when incorporating ichthyoplankton data than when 5 
they were excluded. However, planning designs excluding planning units used 6 
for navigation showed a different pattern. In this case, scenarios excluding 7 
ichthyoplankton data showed a lower cost and a lower number of planning units 8 
selected in the reserve system than when including these data but with a lower 9 
percentage of target met (Table 2). This last pattern is associated with the 10 
decrease in sites available for conservation in the estuary, making it more 11 
expensive to protect a higher number of features.  12 
 13 
Spatial Prioritization Analysis: Selection Frequency Results 14 
The selection frequency of each planning unit in each scenario, run with 15 
ichthyoplankton data and using a decay rate from fishing site of 0.0001, is 16 
represented in Figure 7. These results show that high percentages of site 17 
selection can be found either clustered or dispersed (Figures 7, S4, S5 and S6). 18 
Additionally, it was observed that regardless of the conservation target, shallow 19 
areas in the upper part of the estuary and in the middle embayment had among 20 
the highest selection frequency (Figure 7). However, when analysing the 21 
selection frequency results in the case of a flat cost, clustered sites in the centre 22 
of the estuarine area had among the highest selection frequency (Figure 8). In 23 
general, if we consider only planning units with selection frequency higher than 24 
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80% regardless the planning scenario tested, shallow and intermediate waters are 1 
the most important estuarine habitats for conservation in Patos Lagoon estuary 2 
(Figure 9). However, their importance to conservation decreases in planning 3 
scenarios excluding ichthyoplankton data (Figure 9). When analysing the 4 
importance of each depth class in different planning scenarios, we observed that 5 
the contribution of habitats varied within cost layer, conservation target, and 6 
scenarios including or excluding ichthyoplankton (Figure 10). Despite the 7 
variation within planning scenarios tested, shallow and intermediate waters 8 
encompasses high priority sites to conservation in the Patos Lagoon estuary.  9 
 10 
DISCUSSION 11 
 This study shows that information about the early life history stages of 12 
fishes and opportunity costs based on artisanal fisheries can help to achieve a 13 
more cost-effective outcome in the Patos Lagoon estuary. Furthermore, using 14 
fish egg and larvae data in conservation planning substantially changes priorities 15 
for estuarine conservation. Usually, planktonic stages have a wide distribution 16 
and depend on nursery areas, such as estuaries, and spawning sites. In this case, 17 
understanding and including the spatial distribution of these life-stages is 18 
extremely relevant to increase the effectiveness of reserves (Allison et al., 1998; 19 
Warner et al., 2000). Ichthyoplankton represents the most vulnerable stage of 20 
the fish life cycle, and mortality rates during this phase can reach almost 99% 21 
for most species (Fuiman and Werner, 2002). The mortality of fish eggs and 22 
larvae can be associated with various processes, such as predation, nutrition, 23 
diseases, unfavourable environmental conditions, anthropogenic causes such as 24 
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habitat alteration or destruction, and pollution. Protected areas offer a spatially 1 
explicit form of protection that enables local control of anthropogenic activities, 2 
helping to mitigate numerous pressures such as fishing, pollution threats and 3 
habitat disturbance (Allison et al., 1998). Estuaries are among the most 4 
important sites for the development of the early life history of fishes. These 5 
ecosystems often suffer from anthropogenic impacts that can potentially destroy 6 
estuarine habitat (McLusky and Elliot, 2006) and affect nursery functioning for 7 
many species (Courrat et al. 2009). The protection of the habitat used by early 8 
life stages of fish is essential for ensuring success in the recruitment process and 9 
to sustain the adult population. 10 
 Despite the ecological importance of estuaries, estuarine conservation is 11 
in its infancy relative to terrestrial and marine realms. This may be related to the 12 
high social and economic values of these areas for humans and also a lower 13 
aesthetic appeal compared with other ecosystems (Edgar et al., 2000; Neely and 14 
Zajac, 2008). Systematic conservation planning studies in estuaries are restricted 15 
to a few papers, most of them using macrobenthic invertebrates or habitats as 16 
surrogates of biodiversity (Neely and Zajac, 2008; Shokri and Gladstone, 2009, 17 
2013a; Shokri et al., 2009). Until now, ichthyoplankton or fish data have not 18 
been used in estuarine conservation planning. The results showed that 19 
incorporating ichthyoplankton data into systematic conservation planning can 20 
generate different outcomes than a plan without these data (Figures 3 and 4). 21 
Therefore, estuarine conservation plans that solely rely on habitat data for 22 
surrogates of biodiversity can produce suboptimal results. In a recent study, 23 
Shokri and Gladstone (2013a) found that habitat classification schemes that 24 
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represent variation in estuarine biodiversity are inefficient at effectively 1 
designing estuarine protected areas. One of the main aspects of estuaries is the 2 
interaction between land and sea processes that creates a complex and dynamic 3 
spatial pattern for biological, physical, chemical, and socio-economic 4 
components (Pittman et al., 2011). This means that an efficient planning scheme 5 
must account for ecological dynamics in a spatially explicit framework (Pittman 6 
et al., 2011). Future studies should include some analysis relating the 7 
distribution of planktonic stages, such as fish eggs and larvae, to other dynamic 8 
physico-chemical features of the estuary. Also, future studies should consider 9 
identifying the importance of an area by using data on density of fish eggs and 10 
larvae rather than range data based on presence/absence data. However, the 11 
approach used in this study is useful to managers by showing that it is also 12 
relevant to include early life stages of fishes into spatial planning, and also, by 13 
offering a start point in evaluating which areas might be important for protecting 14 
biodiversity of Patos Lagoon estuary. Furthermore, other socio-economic 15 
components with more direct impacts on fish eggs and larvae development, such 16 
as water quality, should be examined in future estuarine conservation planning 17 
studies.  18 
The Patos Lagoon estuary has been subject to substantial natural and 19 
human disturbances. The construction of rocky jetties at the entrance of the 20 
estuary may have altered the input and output water flux (Seeliger and 21 
Odebrecht, 2010), consequently influencing the transport of fish eggs and larvae 22 
into the estuary. Despite the strong seasonal pattern in recruitment of fish eggs 23 
and larvae to the Patos Lagoon estuary, long-term studies suggest the existence 24 
19 
 
of decadal variations in climate due to El Niño Southern Oscillation (Muelbert et 1 
al., 2010). El Niño (high precipitation) and La Niña (low precipitation) events 2 
interact with wind patterns in the region and influence the salinity in this 3 
ecosystem and consequently control the occurrence and abundance of fish eggs 4 
and larvae (Bruno and Muelbert, 2009). Despite these disturbances, the study 5 
period showed consistent patterns in salinity and consequently in the recruitment 6 
of such early life stages of fishes into the Patos Lagoon estuary (Muelbert et al., 7 
2010). Therefore, the scenarios tested in the present study that incorporated 8 
historical ichthyoplankton assessments represent the general pattern of the 9 
recruitment process into the study area. In this sense, historical data may be 10 
acceptable for inclusion in studies that aim to develop new methods for spatial 11 
planning. However, it is necessary to note that historical data were only used 12 
because there was no recent information available for the entire estuarine area. 13 
Spatial planning for conservation purposes should be based, where possible, on 14 
recent information for the region it intends to conserve. 15 
 While the present study highlights the advantage of using 16 
ichthyoplankton data for estuarine conservation, it also emphasises the 17 
importance of incorporating opportunity cost instead of a spatially homogeneous 18 
(flat) cost. The results showed that if a flat cost is used (Figures 5, 6 and 8), as is 19 
still common in the conservation planning literature, using just abiotic features 20 
(e.g. habitat, bathymetry and sediment) is sufficient for achieving conservation 21 
targets. In contrast, when a more realistic socio-economic cost was used instead 22 
of a flat cost, it was possible to achieve a more effective outcome. Additionally, 23 
it was observed that the abiotic features were not adequate surrogates for the 24 
20 
 
biotic elements that were the focus in the planning. This confirms the findings in 1 
the study by Shokri and Gladstone (2013a), which highlighted that habitat alone 2 
is an inefficient surrogate for estuarine conservation. Similarly, Stewart and 3 
Possingham (2005) outlined the importance of considering opportunity cost in 4 
conservation planning and creating representative, efficient, and practical 5 
reserve systems that minimize potential economic losses. In the case of the Patos 6 
Lagoon estuary, artisanal fisheries and port activity are the main economic uses 7 
of the estuarine area; thus, a conservation plan aiming towards a representative 8 
and efficient reserve system must take these activities into consideration. In this 9 
sense, scenarios using opportunity cost which also excluded planning units used 10 
for navigation from the reserve system represents a more realistic solution for 11 
the study area as they minimize fishery loss, avoid prioritizing reserves in the 12 
navigation area in the estuary and still achieve conservation targets. 13 
 The Patos Lagoon estuary is predominantly a shallow estuarine 14 
ecosystem (Seeliger, 2001). The results showed that shallow waters (vegetated 15 
or not) are among the most selected sites for conservation in the Patos Lagoon 16 
estuary (Figures 1, 9, 10). Shallow areas in the upper part of the estuary and in 17 
the middle embayment were selected in all scenarios, regardless of the 18 
objectives, indicating the importance of these sites for early life fish 19 
development. In Patos Lagoon, most shallow waters are colonised by the 20 
seagrass Ruppia maritima, which develops during warmer seasons (spring and 21 
summer) and plays an important role in feeding, development and protection for 22 
the early life stages of many fish and invertebrate species (Castello, 1986; 23 
Garcia and Vieira, 1997; Seeliger, 2001). In addition, vegetated shallow waters 24 
21 
 
are cited as an important factor structuring fish abundance and composition in 1 
estuaries worldwide (Gillanders, 2006). Despite their ecological importance, 2 
shallow areas in the Patos Lagoon estuary are also impacted by pollution and 3 
contamination from surrounding urban area, dredging, and the loss of seagrass 4 
beds and saltmarshes (Seeliger and Costa, 1997; Barletta et al., 2010). 5 
Consequently, the efficient management of estuarine shallow waters, vegetated 6 
or not, is of paramount importance for conservation and must be accounted for 7 
when addressing estuary protection.  8 
 In summary, if fish egg and larva data are ignored in the planning 9 
process, conservation priorities will be very different. Furthermore, including 10 
temporal variability in estuarine biodiversity into systematic conservation 11 
planning can be beneficial for achieving an effective outcome because it 12 
considers the variations that a species can have in their distribution within 13 
different scales of time and space. Considering the present case study, shallow 14 
waters are of great importance and must be considered for estuarine 15 
conservation and incorporated into estuarine protected areas. Additionally, it is 16 
suggested that future studies should incorporate information from adjacent 17 
coastal and freshwater ecosystems to create a conservation plan for the entire 18 
estuarine ecosystem. The present study also shows that opportunity costs can 19 
help achieve an efficient and representative reserve system and highlights the 20 
need to incorporate social and economic information into reserve design 21 
(Naidoo et al., 2006; Carwardine et al., 2008; Klein et al., 2008a, b; Ban and 22 
Klein, 2009). More studies should focus on developing methods for planning 23 
conservation in estuarine ecosystems with multiple uses and stressors.  24 
22 
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Figure S1: Relationship among 100 solutions for each scenario with (solutions 1 24 
to 100) and without (solutions 101 to 200) ichthyoplankton data run in Marxan, 25 
using cost layer with constant α = 0.001.  26 
 27 
32 
 
Figure S2: Relationship among 100 solutions for each scenario with (solutions 1 1 
to 100) and without (solutions 101 to 200) ichthyoplankton data run in Marxan, 2 
using cost layer with constant α = 0.005.  3 
Figure S3: Relationship among 100 solutions for each scenario with (solutions 1 4 
to 100) and without (solutions 101 to 200) ichthyoplankton data run in Marxan, 5 
using cost layer with constant α = 0.01.  6 
 7 
Figure S4: Selection frequency result displayed for each scenario with 8 
ichthyoplankton data, using cost layer with constant α = 0.001. 9 
 10 
Figure S5: Selection frequency result displayed for each scenario with 11 
ichthyoplankton data, using cost layer with constant α = 0.005. 12 
 13 
Figure S6: Selection frequency result displayed for each scenario with 14 
ichthyoplankton data, using cost layer with constant α = 0.01. 15 
 16 
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Tables 1 
 2 
Table 1: Description of the features that were used to assess the role of 3 
incorporating fish egg and larva data for estuarine conservation in the Patos 4 
Lagoon estuary, Brazil (e: eggs; l: larvae). 5 
Feature Data Number of layers Description 
Bathymetry Polygon 3 Shallow, intermediate and deep waters 
Sediment Polygon 7 Classification based on Calliari et al. (1980) 
Habitat Interpolated seasonal survey 16 
Ruppia maritima, Zannichelia palustris, 
macroalgae, meadow height(*) 
Ichthyoplankton 
species 
Output of 
species 
distribution 
modelling** 
(MAXENT) 
38 
Achirus garmani (e/l), Brevoortia 
pectinada (e/l), Licengraulis grossidens 
(e/l), Micropogonias furnieri (e/l), 
Parapimelodus valenciennes (l), 
Trichiurus lepturus (e) 
(*) meadow height was classified into 5 classes of height (cm): 0 – 10, 11 – 20, 6 
21 – 40, 41 – 60, and 61 – 150. 7 
(**) only MAXENT outputs with AUC > 0.75 were used in the conservation 8 
planning. 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
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Table 2: Results showing average cost, percentage of conservation target met, 1 
average of planning units selected, and main cluster results for each scenario run 2 
in Marxan (cost 1: cost layer with constant α = 0.0001; cost 2: cost layer with 3 
constant α= 0.001; and cost 3: cost layer with constant α = 0.005 and cost 4: cost 4 
layer with constant α = 0.01). Cost 5 represents the cost layer with a 5 
homogenous value for all planning units (flat cost) and does not have an 6 
economic value (in table is represented by (-)).  7 
 8 
 9 
 10 
Planning Scenario Cost  (US$  million) 
Targets 
met 
(%) 
Number 
of PU 
selected 
Planning Ia – Including Ichthyoplankton 
30% conservation target and all planning units 
available for inclusion in the reserve system 
cost 1: 92,455 96.87 686 
cost 2: 92,412 95.31 685 
cost 3: 92,338 93.75 686 
cost 4: 92,307 98.43 686 
cost 5: - 100 957 
Planning Ia – Excluding Ichthyoplankton 
30% conservation target and all planning units 
available for inclusion in the reserve system 
cost 1: 94,939 92.31 684 
cost 2: 95,008 88.46 684 
cost 3: 94,973 100 684 
cost 4: 94,933 96.15 684 
cost 5: - 96.15 768 
Planning Ib – Including Ichthyoplankton 
30% conservation target and planning units open for 
navigation not available for inclusion in the reserve 
system 
cost 1: 116,955 93.75 670 
cost 2: 117,530 89.06 670 
cost 3: 116,930 96.87 670 
cost 4: 116,873 89.06 669 
cost 5: - 96.87 1043 
Planning Ib – Excluding Ichthyoplankton 
30% conservation target and planning units open for 
navigation not available for inclusion in the reserve 
system 
cost 1: 112,406 92.30 672 
cost 2: 112,325 88.46 672 
cost 3: 112,407 88.46 672 
cost 4: 112,540 96.30 672 
cost 5: - 92.30 907 
Planning IIa – Including Ichthyoplankton 
50% conservation target and all planning units 
available for inclusion in the reserve system 
cost 1: 98,372 95.31 705 
cost 2: 98,420 96.87 705 
cost 3: 98,338 93.75 705 
cost 4: 98,229 95.31 705 
cost 5: - 98.43 1000 
Planning IIa – Excluding Ichthyoplankton 
50% conservation target and all planning units 
available for inclusion in the reserve system 
cost 1: 98,671 96.15 705 
cost 2: 98,595 96.15 705 
cost 3: 98,566 84.61 707 
cost 4: 98,603 88.46 704 
cost 5: - 100 858 
Planning IIb – Including Ichthyoplankton 
50% conservation target and planning units open for 
navigation not available for inclusion in the reserve 
system 
cost 1: 128,924 92.18 694 
cost 2: 128,848 93.75 694 
cost 3: 129,005 92.18 693 
cost 4: 129,004 89.06 695 
cost 5: - 98.43 1101 
Planning IIb – Excluding Ichthyoplankton   
50% conservation target and planning units open for 
navigation not available for inclusion in the reserve 
system 
cost 1: 98,607 88.46 705 
cost 2: 96,685 92.30 693 
cost 3: 98,457 96.15 704 
cost 4: 98,563 92.30 705 
cost 5: - 100 872 
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Figure Captions 1 
 2 
Figure 1: Location of the Patos Lagoon estuary in Rio Grande do Sul State (RS, 3 
Brazil) and details of the bathymetry in the estuarine area. 4 
 5 
Figure 2: Cost layers of artisanal fishery within each fishing area in the Patos 6 
Lagoon estuary: (a) artisanal fishery cost layer with constant α = 0.0001, (b) 7 
artisanal fishery cost layer with constant α = 0.001, (c) artisanal fishery cost 8 
layer with constant α = 0.005, and (d) artisanal fishery cost layer with constant α 9 
= 0.01.  10 
 11 
Figure 3: Relationship among 100 solutions for each scenario with (solutions 1 12 
to 100) and without (solutions 101 to 200) ichthyoplankton data run in Marxan. 13 
The cost layer used in this analysis represents the opportunity cost of artisanal 14 
fishery in Patos Lagoon estuary with constant α = 0.0001. Data are presented as 15 
a dendrogram from a complete hierarchical cluster analysis (A and C) and an 16 
nMDS biplot (B and D) based on Jaccard resemblance matrix. This scenario 17 
represents the conservation problem under a conservation target of 30% for all 18 
features and all planning units available for inclusion in the reserve system (A 19 
and B); and conservation problem under a conservation target of 30% for all 20 
features and planning units open for navigation not available for inclusion in the 21 
reserve system (C and D). 22 
 23 
Figure 4: Relationship among 100 solutions for each scenario with (solutions 1 24 
to 100) and without (solutions 101 to 200) ichthyoplankton data run in Marxan. 25 
The cost layer used in this analysis represents the opportunity cost of artisanal 26 
fishery in Patos Lagoon estuary with constant α = 0.0001. Data are presented as 27 
a dendrogram from a complete hierarchical cluster analysis (A and C) and an 28 
nMDS biplot (B and D) based on Jaccard resemblance matrix. This scenario 29 
represents the conservation problem under a conservation target of 50% for all 30 
features and all planning units available for inclusion in the reserve system (A 31 
and B); and conservation problem under a conservation target of 50% for all 32 
features and planning units open for navigation not available for inclusion in the 33 
reserve system (C and D). 34 
 35 
Figure 5: Relationship among 100 solutions for each scenario with (solutions 1 36 
to 100) and without (solutions 101 to 200) ichthyoplankton data run in Marxan. 37 
The cost layer used in this analysis represents the flat cost for each planning unit 38 
in the Patos Lagoon estuary. Data are presented as a dendrogram from a 39 
complete hierarchical cluster analysis (A and C) and an nMDS biplot (B and D) 40 
based on Jaccard resemblance matrix. This scenario represents the conservation 41 
problem under a conservation target of 30% for all features and all planning 42 
units available for inclusion in the reserve system (A and B); and conservation 43 
problem under a conservation target of 30% for all features and planning units 44 
open for navigation not available for inclusion in the reserve system (C and D). 45 
 46 
 47 
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Figure 6: Relationship among 100 solutions for each scenario with (solutions 1 1 
to 100) and without (solutions 101 to 200) ichthyoplankton data run in Marxan. 2 
The cost layer used in this analysis represents the flat cost for each planning unit 3 
in the Patos Lagoon estuary. Data are presented as a dendrogram from a 4 
complete hierarchical cluster analysis (A and C) and an nMDS biplot (B and D) 5 
based on Jaccard resemblance matrix. This scenario represents the conservation 6 
problem under a conservation target of 50% for all features and all planning 7 
units available for inclusion in the reserve system (A and B); and conservation 8 
problem under a conservation target of 50% for all features and planning units 9 
open for navigation not available for inclusion in the reserve system (C and D). 10 
 11 
Figure 7: Selection frequency result displayed for each scenario with 12 
ichthyoplankton data. The cost layer used in this analysis represents the 13 
opportunity cost of artisanal fisheries in the Patos Lagoon estuary with constant 14 
α = 0.0001. (A: conservation problem under a conservation target of 30% for all 15 
features and all planning units available for inclusion in the reserve system; B: 16 
conservation problem under a conservation target of 50% for habitats and all 17 
planning units available for inclusion in the reserve system; C: conservation 18 
problem under a conservation target of 30% for all features and planning units 19 
open for navigation not available for inclusion in the reserve system; and D: 20 
conservation problem under a conservation target of 50% and planning units 21 
open for navigation not available for inclusion in the reserve system). 22 
 23 
Figure 8: Selection frequency result displayed for each scenario with 24 
ichthyoplankton data. The cost layer used in this analysis represents the flat cost 25 
for each planning unit in the Patos Lagoon estuary (A: conservation problem 26 
under a conservation target of 30% for all features and all planning units 27 
available for inclusion in the reserve system; B: conservation problem under a 28 
conservation target of 50% for habitats and all planning units available for 29 
inclusion in the reserve system; C: conservation problem under a conservation 30 
target of 30% for all features and planning units open for navigation not 31 
available for inclusion in the reserve system; and D: conservation problem under 32 
a conservation target of 50% and planning units open for navigation not 33 
available for inclusion in the reserve system). 34 
 35 
Figure 9: Mean percentage of priority sites for conservation (planning units with 36 
selection frequency ≥ 80%) in each depth class in Patos Lagoon estuary 37 
considering all scenarios tested. Percentage number of planning units in each 38 
depth class are: shallow waters (< 1.5 m) = 45 %, intermediate waters (1.5 – 5.0 39 
m) = 43%, and deep waters (< 5m) = 12%).  40 
 41 
Figure 10: Percentage of priority sites for conservation (planning units with 42 
selection frequency ≥ 80%) for different planning scenarios tested including and 43 
excluding ichthyoplankton in Patos Lagoon estuary, considering the Percentage 44 
number of planning units in each depth class are: shallow waters (< 1.5 m) = 45 45 
%, intermediate waters (1.5 – 5.0 m) = 43%, and deep waters (< 5m) = 12%).  46 
